Introduction
The traditional way of comparing two protein sequences is to align them with a dynamic programming algorithm * To whom correspondence should be addressed. (Smith and Waterman, 1981) . However, alignment programs using sequence information and mutation matrices fail to recognize many proteins that are known to be homologous, but their sequences have diverged. To overcome this problem, people have developed more sensitive sequence alignment programs.
One type of program uses information about allowed mutation patterns at various positions along the sequence; the allowed mutation patterns are deduced from the patterns of substitutions in closely related homologues. Programs that compare a single sequence to a family profile include Profiles (Gribskov et al., 1987) , Position Specific Iterated (PSI) BLAST (Altschul et al., 1997) , and Hidden Markov Models (HMMs) (Eddy, 1995 (Eddy, , 1996 Eddy et al., 1995; Karplus et al., 1998; Krogh et al., 1994) . Other programs such as BLOCKS (Henikoff et al., 1998) and FFAS (Rychlewski et al., 2000) compare two profiles to each other. Another approach, often referred to as threading, is to use the structure of one of the proteins being compared to assess whether the second could possibly have a similar structure (Moult, 1999) .
Another strategy that explores the sequence diversity of distantly homologous proteins without constructing the explicit multiple sequence alignment or profile is the Intermediate Sequence Search (ISS) Park et al., 1997 Park et al., , 1998 Salamov et al., 1999) . The ISS approach is straightforward, and takes advantage of the transitive nature of homologous relationships. If a sequence (I) is homologous to a query sequence (Q) and at the same time target sequence (T) is homologous to (I), the homology between (Q) and (T) can be established. The connection is written as, and can be used to recognize and align distant homologues. ISS was used to recognize remote evolutionarily related sequence pairs derived from SCOP database (Park et al., 1997; Murzin et al., 1995) , and the authors claimed that ISS increased the detection rate by 70% compared to FASTA c Oxford University Press 2000 (Pearson and Lipman, 1988) while maintaining the same error-yield rate. Similar work using BLAST instead of FASTA was described as Double BLAST .
A variant of ISS that applies more than one intermediate step by making connections such as 'Q-I 1 -I 2 -I n -T' is called Multiple Intermediates Sequence Search (MISS) (Salamov et al., 1999) . MISS is more powerful than ISS, and can recognize many distantly homologous pairs missed by other methods. When compared to HMM and similar profile-based methods, ISS and MISS provide superior information about evolutionary relationships, and do not rely on sometimes misleading and ambiguous multiple sequence alignments. At the same time, anecdotal evidence suggests that the MISS procedure often diverges, resulting in spurious predictions and a waste of computer time. This makes it difficult to implement fully automated ISS and MISS protocols.
A recipe for MISS could look like that: the first step is to run a database search with the first query. Then new queries are selected from the first search's output and, after validation, used in the subsequent searches. This procedure is repeated as long as new sequences are found. The list of proteins found in this way is filtered to remove those with unwanted properties.
However, MISS can diverge for several reasons. MISS can improperly treat multiple-domain proteins where an intermediate sequence containing two domains could link two unrelated single-domain sequences containing either domain. Also, even a single error in one of the searches can propagate adding many unwanted sequences to the output. MISS can be further misled by the presence of various 'promiscuous' sequences that produce spurious high score alignments. Most of such sequences are removed by low complexity filters, but some still remain. Finally, indiscriminate application of naive MISS may result in multiple, redundant searches that waste time and computer resources.
In this paper, we present a program called Saturated BLAST that provides a series of simple tools designed to deal with these problems and make MISS a reasonable research tool that can be used with minimal effort. At the same time, we introduced several novel features to the MISS procedure, increasing its sensitivity and flexibility. A traditional ISS or MISS method uses sequence versus sequence programs such as FASTA or BLAST to build connections between the intermediate steps. Saturated BLAST uses BLAST and also profile-based PSI-BLAST. This enables Saturated BLAST to combine the benefits of profile and MISS approaches.
To deal with the inherent instability of the MISS procedure, we also introduced tools to filter each search's output and to verify intermediate sequences before they are used as queries. The tools include keywords (both to search for and to avoid), pre-defined lists of proteins to avoid, criteria for significance threshold, and level of sequence divergence.
Methods, algorithms and implementation
The basic MISS procedure consists of four steps: the initial search, the selection of intermediate queries, the intermediate search loop, and the final result analysis. The initial database search is performed with the original query, yielding some sequences or sequence fragments which are selected as new queries for the subsequent searches. The search process is repeated until it no longer yields new sequences.
We refer to the query sequences as seeds. Seeds are selected from sequences found in the database search (we often refer to such sequences as hits) and are used as queries in succeeding searches. A seed is the parent of the all proteins found in the BLAST search with its sequence. With this nomenclature we can think of the original query as a 'parentless' seed. For each protein, the number of intermediate steps from the original query to itself is this protein's level. We define that the original query has level of 0, and all the sequences found by the original query have a level of 1.
In Saturated BLAST we use the BLAST program family as the database search tool. We chose to use BLAST for several reasons: BLAST and PSI-BLAST are the fastest and most sensitive database searching programs; the NCBI offers a web-based BLAST search against the most upto-date sequence databases. This allows Saturated BLAST to be used on relatively low-end machines because it can submit jobs to the NCBI BLAST server. An additional reason why we chose to use the BLAST suite is that it comprises programs that explore both protein and nucleotide databases.
Saturated BLAST was developed in the Perl script language, and the graphic user interface was implemented in Perl/Tk. The structure of Saturated BLAST is illustrated in Figure 1 . The main database stores all of the sequence entries, including the original query and hits, in a format that allows the easy export of data into other databases. The main database is managed by several modules, which also control the BLAST searches. These modules are explained below.
Database manager
When we begin a new MISS task, we add the original query to the database as the first entry. The hits from the first and subsequent BLAST searches are filtered and appended to the database. Each database entry also contains the properties and data obtained or calculated from the BLAST search. These properties and data include: NCBI-gi identifiers, some annotations, the range of sequence identified in the search, the alignment to the (Shindyalov and Bourne, 1998) . Positions that are at least partly conserved in the multiple alignment are highlighted and shown in uppercase. Other positions are in lowercase. (d) The multiple alignment of the four proteins from the example discussed in the text as built by Saturated BLAST. The alignment was obtained from pairwise alignments following the MISS chain, the intermediate sequences are not shown. On the top line, the position is marked as '+' or ':' if the alignment of this residue is fully or partly in agreement with CE alignment. The highlighting scheme is identical to that in Figure 3c. query, the parent, the search level, the alignment score, the expect value, and the sequence identity.
The database manager provides methods to query and to select the sequences according to various properties and logical patterns. The database manager is also used to delete entries, to import sequences and to export data in several formats.
Interface Saturated BLAST's graphic user interface (GUI) is shown in Figure 2 . Entries are tabulated in a main display window according to user-defined display parameters. The GUI provides various windows to set parameters and thresholds, to define BLAST search options, to display messages, to edit the database, to open web links, and to use other common GUI-requiring applications.
Filters
Filters in Saturated BLAST are the most important means to confine a MISS to a desired direction and to keep it from diverging. There are four filter types: a redundancy filter, a low significance filter, a keywords filter, and a smart filter.
The redundancy filter is used to prevent the addition of redundant sequences to the database. Different seeds in MISS commonly find the same sequence segments. So, for a new sequence B from BLAST search, if another sequence A with same identifier exists in the database, and if the overlap between A and B is greater than a threshold, B is treated as the same as A and simply removed.
The low significance similarity filter eliminates sequences with high expect values, short length or low sequence identity.
The keywords filter is designed to accept or remove proteins according to the expert judgment of the user, rather than the expect value. There are classes of proteins that often appear with high scores in PSI BLAST searches even though they are unrelated to the seed, and their inclusion as seeds leads to divergence in MISS. Here, biological annotation from BLAST output can be considered as a more solid argument than alignment score.
The smart filter remembers user-deleted sequences and stores them as a list. The list can be edited and input separately. This filter automatically removes from the BLAST output those proteins that are in the list.
Seed selector
The output of MISS can be intermediate sequences that are themselves closely related, and it is unnecessary and undesirable to use each of these sequences as seeds. Searches with redundant seeds will not contribute any new information and will waste time and resources. Saturated BLAST clusters output sequences with a given threshold of identity, and selects one representative of each cluster to become a seed for future searches. The selection of seeds is also based on the expected value, sequence identity, sequence length, and keywords pattern. Alternatively, the user can assign the representative seeds through GUI.
BLAST engine and parser
This module is located between the seed selector and the filters. It takes the seeds, runs the specified BLAST program, then parses the results and sends them back to the filters. The engine can run BLAST on a local computer or submit jobs to NCBI's BLAST server. In Saturated BLAST, the user can simultaneously specify different databases and BLAST programs, allowing for multiple BLAST searches with a single seed.
Input, output and restart
Saturated BLAST automatically saves all parameters and current results in a 'restart' file before each search. This file is a backup of everything in case the program crashes, and is also the main output file.
The output file can be exported into several other formats: plain FASTA, HTML, a tab-delimited table, and plain text. The FASTA format can be imported into and analyzed with other software packages, such as ClustalX (Jeanmougin et al., 1998) . HTML is platformindependent, so it can be opened across any operating system, and hyperlinks and dynamic-display features provided by JavaScript make it convenient for viewing. The table file can be imported and edited in software like Microsoft Excel or Access.
Analysis and visualization
Alignments are crucial for sequence analysis, and Saturated BLAST provides four kinds of alignments, which are derived directly or indirectly from the BLAST output. The multiple alignment of a parent query and all hits can be directly derived from the output of a single BLAST search. A protein and its ancestor from any level can be aligned via the alignments of intermediate connections, recall that the presence of intermediate steps is a unique feature of MISS strategies. Saturated BLAST can also align any pair of sequences by aligning them to their common parent or grandparent or by using the built-in Smith-Waterman dynamic programming subroutine (Smith and Waterman, 1981) . Finally, groups of sequences can be selected by the user and aligned via intermediate sequences and common ancestors.
In Saturated BLAST, users can open an unlimited number of windows containing color-coded alignments. The program has gapped and ungapped viewing options because multiple alignments built from intermediate sequence alignments are often distorted by gaps introduced at different levels.
Another tool in Saturated BLAST is cluster analysis. It is often very informative to classify large protein families into sub-groups. All or a selection of sequences can be clustered using the standard average linkage cluster method. The all-against-all similarity matrix that is needed for this purpose can be calculated from pairwise alignments available within the Saturated BLAST (see above). Given the alignment, the normalized score S (Altschul and Gish, 1996; Karlin and Altschul, 1990) used in the similarity matrix is calculated as
where s is the raw score, and n and m are the lengths of the sequences. In the default BLAST matrix blosum62, λ is set to 0.216 and K set to 0.014. When an alignment is derived indirectly, only the score of the highest scoring segment of the alignment is applied. It should be noted that this procedure does not create optimal clustering for the purposes of phylogenetic analysis. Other programs, such as ClustalX or Phylip are better suited for this purpose. Clustering provided by Saturated BLAST is designed solely for the purpose of choosing optimal seeds.
Enhancements and flexibility
The Saturated BLAST package is designed to be flexible and suitable for different types of searches. Besides the identification of distant homologues, Saturated BLAST can be used to define a protein family and monitor for the appearance of new genes in genomic databases. To this end, we have designed the program to give users a lot of control over searches. The user can run MISS automatically, manually step-by-step, or the search can be stopped at predefined break points. The user can stop the search at any moment and modify all parameters and thresholds, manually reset and input one or more seeds, and delete unwanted protein sequences and groups of sequences. The user is also able to enable, disable and modify filters, and change the BLAST search's database, programs and parameters.
Saturated BLAST search allows for active user participation throughout the entire iterative procedure.
Applications and examples
Previously, ISS methods have been studied and compared to other search tools Park et al., 1997 Park et al., , 1998 Salamov et al., 1999) . In this paper, we introduced the particular realization of a MISS procedure using the BLAST family of programs, and will now validate Saturated BLAST as a tool to efficiently detect remote homologues. We will present a full evaluation of this tool as applied to fold-recognition in a separate publication.
To test Saturated BLAST for remote homology recognition, we chose several single-domain proteins: 1NWP:A, 1A8Z, 1PLC and 1AAC. They all belong to the 'Plastocyanin/azurin-like' protein family according to the SCOP classification, and the close similarity of their biological functions strongly argues for their close evolutionary relationship. Their structural similarity has been verified by the combinatorial extension (CE) algorithm using the protein-fold comparison server (http://cl.sdsc.edu/ce.html) (Shindyalov and Bourne, 1998) . Their pairwise sequence similarities were obtained by BLAST and PSI BLAST searches at NCBI's BLAST server against the non-redundant protein (NRP) database. PSI BLAST searches detected homology with a significant expect value only between 1PLC and 1AAC (9e −32 ). One more pair was found with marginal significance, but all other pairs were not found (see Figure 3a) .
We started Saturated BLAST using 1NWP:A as the query sequence, with the aim of finding the other three proteins. The initial PSI BLAST search found 50 new sequences and 11 seeds surpassed Saturated BLAST's default parameters. The program then performed three levels of automated searches, and all three target proteins were found with significant expect values (better than 3e −4 ).
The supporting tools were then used to analyze the results. The alignment of the search path from 1NWP:A to 1AAC was generated by Saturated BLAST and is shown in Figure 3b . The multiple alignment of these four domains as calculated by Saturated BLAST is compared to the alignment obtained from structure comparison by the CE server (Figure 3c and d) . It is clear that the Saturated BLAST alignment is consistent with the CE results in the most important segments.
Other applications of the Saturated BLAST package
Besides detecting remotely homologous sequences, the Saturated BLAST package can be used in several other types of projects including maintaining and updating protein family databases and mining genomic databases for new genes that are distantly homologous to a protein family of interest.
A protein family database can be set up by performing an interactive Saturated BLAST search on the NRP database. Once the search parameter, threshold and filter settings have been optimized; members of a certain protein family can be maintained in a Saturated BLAST database. The optimized settings identified in the interactive search can be saved and used to periodically run Saturated BLAST against monthly updates of the NRP database. This will automatically keep the protein family up-to-date.
We can mine genomic databases using these protein family databases and the settings optimized for searching the NRP database. The key is to use the clustering tool to select divergent representatives as seeds, and then to perform a new generation of searches using tblastn against genomic databases such as EST, GSS and HTGS, instead of using blastp or blastpgp against the NRP database. The output should be parsed, clustered and submitted against the NRP database for verification. This procedure has been used to discover several new potential genes, with the experimental verification of the predictions now in progress.
Conclusions
Intermediate sequence search methods effectively improve the sensitivity of sequence comparisons, but in the past have been difficult to automate. Our Saturated BLAST package executes automated intermediate sequence searches with minimal user input while providing great flexibility, a graphic user interface and many supporting tools.
We illustrated the successful use of Saturated BLAST in the identification of distant homologues. We also mentioned two other applications for Saturated BLAST: mining genomic databases for novel proteins from important protein families, and maintaining and updating protein family databases. Saturated BLAST's performance depends on the diversity of the protein family, the databases used, and the search parameters. Saturated BLAST cannot be applied if a simple BLAST search doesn't identify any homologues. The default parameters provided with the program work well in several different examples, but they may not work in all cases.
The Saturated BLAST package's source code, as implemented on LINUX, is available from http: //bioinformatics.burnham-inst.org/xblast under the open source license agreement.
